ABSTRACT. Chemical-looping combustion (CLC) is a promising method for the combustion of fuel 11 gas with CO 2 capture and sequestration (CCS). This paper presents the methate combustion results 12 obtained in a continuous CLC prototype using an oxygen carrier containing 18 wt% NiO impregnated 13 on alumina. The design of the CLC prototype was a circulating fluidized bed reactor, consisting of two 14 interconnected fluidized bed reactors, the fuel reactor (FR) and the air reactor (AR). The main operating 15 conditions affecting combustion, as fuel gas flow, solids circulation rate, and FR temperature, were 16 analyzed. The CLC operation was carried out using methane as fuel gas in the FR with a thermal power 17 between 500 and 850 W th . The prototype was successfully operated during 100 h, of which 70 h were at 18 2 combustion conditions. No methane was detected at the FR exit, being CO and H 2 the unconverted 1 gases. Increasing the temperature in the FR or the solids circulation rates increased the combustion 2 efficiency, reaching efficiencies values as high as 99% at temperatures in the range 1073-1153 K, and a 3 solid inventory in the FR of 600 kg per MW th . The effect of operating conditions on the performance of 4 the oxygen carrier in the CLC prototype was analyzed. During operation of the CLC prototype, no signs 5 of agglomeration or carbon formation were detected and the main properties of particles did not vary. 6
gasification of the solid fuel and subsequent reactions of gasification gases with the oxygen carrier 1 particles will occur simultaneously in the same reactor.
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The most common design of a CLC plant includes a high-velocity riser for the air reactor (AR) and a 3 low-velocity fluidized bed for the fuel reactor (FR), with the oxygen carrier in the form of metal oxide 4 particles circulating between them. In the FR, the metal oxide is reduced by the following general 5 reaction for methane: 6
4 Me x O y + CH 4 → 4 Me x O y-1 + CO 2 + 2 H 2 O
(1) 7
where Me x O y denotes a metal oxide and Me x O y-1 its reduced compound. 8
The particles of the oxygen carrier are transported to the AR where they are regenerated by taking up 9 oxygen from the air: 10
The oxidized carrier is returned to the FR for a new cycle. In this system, the solid oxygen carrier is 12 used to transport oxygen from the combustion air to the fuel. Since the fuel is not mixed with air, the 13 subsequent CO 2 separation process is not necessary. The total amount of heat evolved from reactions 1 14 and 2 in the two reactors is the same as for normal combustion, where the oxygen is in direct contact 15 with fuel. 16
Preliminary designs of full-scale CLC systems have been proposed to be similar to a circulating 17 fluidized bed (CFB) 7 and the CLC technology has been successfully demonstrated for methane or 18 natural gas combustion in different prototypes of interconnected fluidized beds. A 50 kW th unit at the 19 Korea Institute of Energy Research was operated during 3.5 h with methane as fuel and oxygen carriers 20 based on nickel and cobalt oxide. 19 Longer operation times were successfully conducted in two different 21 10 kW th prototypes built at Chalmers University of Technology (CUT) 20-21 and the Instituto de 22
Carboquímica (ICB-CSIC). 22 The first one was operated using NiO-based oxygen carriers prepared by 23 freeze granulation (105 h) and spin flash drying (160 h) methods. The later one was run during 200 h 24 using a CuO-based oxygen carrier prepared by impregnation method. Because of the efforts and costsdesigned and operated, where different types of oxygen carriers can be tested in a way which closely 1 simulates conditions of CLC system. A 300 W th laboratory reactor system was used for natural gas 2 combustion using NiO [23] [24] [25] [26] This reactor consists in two-compartment fluidized bed, which were 4 interconnected to permit solids circulation between both reactors. A different design was used by Son 5 and Kim: an annular shape circulating fluidized bed reactor with double loops was operated for CH 4 6 combustion ranging from 300 to 1500 W th . 27 NiO-and Fe 2 O 3 -based oxygen carriers supported on 7 bentonite was tested in this unit. 8
The selection of the oxygen carrier is a key factor for the CLC technology development. In general, 9 the oxygen carrier is based on a transition state metal oxide, e.g. CuO, NiO, CoO, Fe 2 O 3 or Mn 3 O 4 , 10 which is supported on different inert material, as Al 2 O 3 , SiO 2 , TiO 2 or yttrium stabilized zirconia (YSZ). 11
An oxygen carrier in a CLC power plant must show high reaction rates and oxygen transference 12 capacity, complete fuel conversion to CO 2 and H 2 O; negligible carbon deposition, avoidance of 13 agglomeration, and sufficient durability as well as good chemical performance in successive cycle 14 reactions. In addition, the cost of the oxygen-carrier, environmental characteristics and health aspects 15 are also important. Among the different metal oxides proposed, Ni-based oxygen carriers have shown 16 very high reactivity, and allow working at high temperatures (1200-1400 K) in a CLC process with full 17 CH 4 conversion, although thermodynamic restrictions result in a small presence of CO and H 2 in the gas 18 outlet of the FR. 28 Nickel is more expensive than other metal oxides, although this problem may be 19 solved using particles with low nickel content, high reactivity, and low attrition rate. 11 Moreover, the 20 use of Ni-based oxygen carriers may require safety measures because of its toxicity. 21
NiO-based oxygen carriers have been extensively analyzed in the literature. Pure NiO particles has 22 low reaction rate due to their low porosity.
29
In order to increase the reactivity and regenerability of the 23 oxygen carrier particles, a number of NiO-based solid particles fashioned by different preparation 24 methods and using different compounds as support material have been tested. A selected group of 25 oxygen carriers seems to be very promising to be used in a CLC system because their high reactivity 26 during reduction and oxidation reactions, regeneration capacity for repeated redox cycles, and 1 durability. Table 1 formation was found in some cases using mechanical mixing or impregnation methods. [32] [33] [34] [35] [36] However, 7 particles prepared by mechanical mixing were rejected due to their low crushing strength.
27,33 Ni-based 8 oxygen carriers prepared by impregnation on -Al 2 O 3 showed very high reactivity, showing low 9 attrition rates and agglomeration avoidance problems during operation in fluidized beds.
34
To avoid the 10 interaction between metal and support to form NiAl 2 O 4 , different alumina-based compounds have been 11
proposed as support material. Excellent reactivity and regenerability was found for particles using 12 The microstructures of the particles and element distribution in the solid were observed by scanning 7 electron microscope (SEM) on a Hitachi S-3400N microscope equipped with a Routec XFlash EDX 8
analyzer. The identification of crystalline chemical species was carried out by powder X-ray diffraction 9 (XRD) patterns acquired in an X-ray diffractometer Bruker AXS D8ADVANCE using Ni-filtered Cu-10 K radiation equipped with a graphite monochromator. To elucidate chemical species between NiO or 11 NiAl 2 O 4 and to determine the fractional amount of each one, temperature programmed reduction (TPR) 12 were performed using H 2 as reducing agent in an AutoChem II Micromeritics equipment and in a CI 13
Electronics Ltd type thermogravimetric analyzer (TGA) described elsewhere. 33 Eventually, reactivity 14 tests were performed in the above mentioned TGA using CH 4 as fuel gas for reduction and air for 15 oxidation.
Experimental 500 W th CLC prototype. Figure 1 shows setting the solids ready to be fed to the FR. Leakage of gas between both reactors was prevented by the 1 presence of the U-shaped loop seal (2) and the solids reservoir (7). The regenerated oxygen carrier 2 returned to the FR by gravity through a solids valve (8) which controlled the flow rates of solids 3 entering the FR. A diverting solids valve (6) located below the cyclone allowed the measurement of the 4 solids flow rates at any time. So, this design allowed to control and to measure the solids circulation 5 flow rate between both reactors. The fines produced by fragmentation/attrition in the plant were 6 recovered in filters (9) located downstream of the AR and FR. Because of the compact size of the 7 system, this facility can be used to test several promising oxygen carriers using smaller amounts of 8 solids than in larger facilities. Typically, the total solids inventory in the system was in the range 0.8-1.5 9 kg depending on the density of particles. 10 Different samples of used particles in the 500 W th CLC prototype were taken during CLC operation in 11 order to characterize their properties depending on the experimental conditions, mainly among the 12 solids circulation rate. By the one hand, fully oxidized particles were taken during solid circulation 13 measurement at the cyclone outlet. By the other hand, partially reduced samples were taken from the FR 14 after the end of a working day. In this case, solids circulation was stopped sending the solids to a 15 deposit after cyclone separation by the use of the diverting solids valve (6) and closing the solids valve 16 (8). At same time, CH 4 flow was replaced by nitrogen to avoid any change in solids conversion after 17 operation was stopped. Finally, a sample of solids was extracted from the FR after reactor cooling. 18
The prototype was provided with several tools of measurement and system control. Thermocouples 19 and pressure transducers located at different points of the plant showed the current operating conditions 20 in the plant at any time. The AR and FR temperatures were controlled separately. Accurate flow rates of 21 feeding gases were obtained by means of specific mass flow controllers. The gas outlet streams of the 22 AR and FR were drawn to respective on-line gas analyzers to get continuous data of the gas 23 composition. The outlet gas from the FR was composed by N 2 , CO 2 , H 2 O, and unburnt CO and H 2 . The 24 composition of gases from the AR was N 2 and unreacted O 2 . If carbon formation on particles occurs in 25 the FR, also CO and CO 2 could appear in the AR because of its combustion by air. CH 4 , CO, H 2 , and1 whereas O 2 , CO, and CO 2 concentrations were measured at the gas outlet stream from the AR. 2
Nondispersive infrared (NDIR) analysers (Maihak S710/UNOR) were used for CO, CO 2 , and CH 4 3 concentrations determination, a paramagnetic analyser (Maihak S710/OXOR-P) for O 2 concentration, 4 and a thermal conductivity detector (Maihak S710/THERMOR) for H 2 concentration. All data was 5 collected by means of a data logger connected to a computer. 6
Testing conditions. Combustion tests under different operation conditions were conducted in the 7 facility with the Ni18-Al:HI oxygen carrier. The total solids inventory in the system was ≈1.2 kg of 8 solid material, which 0.3 kg and 0.5 kg was in the FR and AR, respectively. The oxidation of the 9 oxygen carrier took place in the dense bed part of the AR allowing residence times high enough for 10 achieving the complete oxidation of the reduced carrier, according to eq 2. A total of about 100 hours at 11 hot conditions, of which 70 hours corresponded to combustion conditions, were carried out using the 12 same batch of oxygen carrier particles. The fuel gas in the FR was methane diluted in nitrogen. The inlet 13 flow in the FR was 170 L N /h, and no steam was added in the FR feeding gas. The inlet gas velocity in 14 the FR was 0.1 m/s, i.e., about 3 times the minimum fluidization velocity for 0.3 mm particles. Air was 15 used as fluidizing gas in the AR, which was divided into the fluidizing gas in the bottom bed (720 L N /h) 16 and the secondary air in the riser (150 L N /h). Nitrogen was used as fluidizing agent in the particle loop-17 seal (37.5 L N /h). 18
Two different experimental test series were carried out. Table 3 shows a compilation of the main 19 variables used in each test. In test series A01-A18, the effect of the oxygen carrier to fuel ratio () on 20 the gas combustion efficiency was analyzed by controlling the solid circulation flow rates by means of 21 the solids valve. The oxygen carrier to fuel ratio () was defined by the following equation 22
were NiO F is the molar flow rate of NiO and value of  = 1 corresponds to the stoichiometric NiO-CH 4 in the reaction 1. Methane concentration inthe fuel gas was set to be 30 vol% -nitrogen to balance-corresponding to 500 W th . In the experimental 1 test series B01-B13, the effect of the fuel flow on the combustion efficiency was analyzed changing the 2 fuel concentration, but gas velocity and solids circulation rate were maintained roughly constant. 3 Therefore, the fuel flow varied in this experimental test series. Different CH 4 concentrations ranging 4 from 30 to 50 vol%, corresponding to power input between 500 and 850 W th , were used. For both tests 5 series, experiments were conducted at three different temperatures in the FR (1073, 1123 and 1153 K). 6
In all cases, the temperature in the AR was kept constant at 1223 K. Air flow into the AR was 7 maintained constant for all test, remaining always in excess over the stoichiometric oxygen demanded 8 by the fuel gas. The air excess ratio,  defined in eq 4, ranged from 1.07 to 1.80, depending on the fuel 9 flow. 10
In order to evaluate the behavior of the oxygen carriers during the combustion tests, the combustion 12 efficiency,  c , was used as key parameter. The combustion efficiency is defined as the ratio of the 13 amount of oxygen consumed by the gas leaving the fuel reactor to the amount of oxygen consumed by 14 the gas when the gas conversion is complete to CO 2 and H 2 O, see eq 5. So, the  c parameter gives how 15 the CLC operation is close or far from the full combustion of fuel, i.e.  c = 100%. 16
where x j is the molar fraction of the gas j in the outlet gas stream from the FR. CH 4 , CO 2 , CO and H 2 18 concentrations in the flue gas from the FR were analyzed. H 2 O concentration was estimated assuming 19 no carbon formation via the following equation 20 To determine the behavior of the Ni18-Al:HI oxygen carrier during methane combustion, several 3 tests were carried out at different temperatures, methane concentration and solids circulation rate. The 4 CLC prototype was easy to operate and control, and the steady-state for each operating conditions was 5 maintained at least for 90 min. As an example, evolution with time of temperature and gas concentration 6 from the air and fuel reactors is shown in Figure 2 for experimental test A10. This experimental test was 7 repeated several times among the experimental tests, obtaining similar results in all cases. The 8 temperature in the FR was 1153 K and the solids circulation rate was 10.4 kg/h, corresponding to a  9 value of 2.74. Full conversion of CH 4 was obtained in the FR, and a CO 2 concentration about 25 vol% 10 (dry basis) was observed at the FR outlet. This value was somewhat lower than the inlet CH 4 11 concentration (30 vol%) as a consequence of the dilution produced by N 2 coming from the loop seal, 12 and because some CO and H 2 are also obtained at the outlet. Using measured gas composition and eq 6 13 to calculate H 2 O concentration, in all cases the water gas shift (WGS) equilibrium matched to lower 14 temperatures than the FR temperature, likely because WGS equilibrium is reached downstream the FR, 15 where the temperature is lower. 16
Stable combustion was reached usually in less than 10 minutes. After this startup time, the gas outlet 17 concentration and temperature was maintained uniform during the whole combustion time. Mass 18 balances were found to be accurate by using the measurements of the analyzers from the AR and FR. from the oxygen initially present in the oxygen carrier, which is the case in the first period after fuel 7 addition, see Figure 2 . During the stationary combustion period the stoichiometric index was around 8 unity, which can be considered as a good verification of the steady state operation. This means that the 9 amount of oxygen taken from the air is equal to the amount of oxygen transferred in the FR. Similar 10 results were found for all tests.
Carbon formation.
A suitable oxygen-carrier should not promote formation of solid carbon in the 1 FR. Carbon deposited on particles could be transported to the AR, where combustion with oxygen will 2 happen. In this case, CO 2 will be emitted from the AR, reducing the carbon capture efficiency of the 3 chemical-looping combustor. Using Ni-based oxygen carriers, carbon deposition on particles could 4 happen in the FR because metallic Ni is formed during reaction of the oxygen carrier with the fuel gas, 5 which catalyses methane decomposition and Boudouard reaction 6
2 CO → C + CO 2 (9) 8
In the CLC prototype, carbon formation was evaluated by measuring CO and CO 2 concentration in 9 the outlet from the AR. As mentioned previously, there was not gas leakage from the FR to AR; 10 therefore any carbon containing gas present in the AR outlet should come from solid carbon following 11 the oxygen carrier particles. CO or CO 2 was not detected in the AR outlet stream in any test. Additional 12 tests were performed to determine if carbon was accumulated on particles or somewhere in the system, 13 e.g. reactor walls or distributor plate. In these tests, the fuel gas was turn off and FR was fluidized with 14 nitrogen. After two minutes nitrogen was replaced by air as fluidization agent, so any carbon deposition 15 in the system should burn into CO or CO 2 . However, no CO or CO 2 was detected in the flue gases in 16 any case. From these results, it was concluded that carbon formation did not happen at relevant 17 extension in the system, i.e. deposited on the oxygen carrier particles nor anywhere in the FR. 18
Effect of operating conditions on combustion efficiency. To study the effect of the oxygen carrier 19 to fuel ratio, , several experiments were done using different solids circulation rates, and maintaining 20 constant all the other experimental conditions (series A in Table 3 ). The circulation rate of oxygen 21 carrier particles, controlled by the solid valve, was varied over a range of 3.6-11.7 kg/h, which 22 corresponded to  ratios of 0.95-3.1. Figure 3 shows the effect of the  value on the combustion 23 efficiency at several temperatures and Figure 4 shows, as an example, the gas composition obtained at 24 the outlet of the FR at 1153 K as a function of  value. Methane was fully converted for all tests, but CO 25 and H 2 concentrations increased as solids circulation rate decreased. Using Ni-based oxygen carriers,thermodynamic limitations prevent the full conversion of methane into CO 2 and H 2 O, because the 1 existence of small amounts of CO and H 2 at equilibrium condition. Combustion efficiencies and CO and 2 H 2 concentrations close to equilibrium values were obtained working at high oxygen carrier to fuel 3 ratios (>1.5-2.5), depending on the temperature, see Figures 3 and 4. A maximum value for efficiency 4 of 99 % was obtained for  about 3 for the three temperatures tested. Decreasing the  value the 5 combustion efficiency decreases because of the lower availability of oxygen in the FR. In a previous 6 work 11 it was obtained that the average reactivity of solids decreases as the particles conversion 7 increases, i.e. the  value decreases, which agrees with results obtained in this work. Note that, 8 assuming full oxidation of particles in the AR, the  value is related to the variation of the solid 9 conversion in the reactor, X S , and the conversion of the oxygen carrier in the FR, X r , as follow 10 Higher combustion efficiencies were obtained at higher temperatures as a consequence of the higher 6 oxygen carrier reactivity. At  values lower than 2, differences on the combustion efficiency with the 7 temperature are evidenced by a sharp decrease in the combustion efficiency. This sharp decrease in the 8 combustion efficiency was at lower  values as the temperature increases. 9
Another experimental test series was carried out varying the fuel flow, but keeping the solids 10 circulation rate approximately constant (≈ 10 kg/h). Figure 5 shows the combustion efficiency obtained 11 as a function of the  ratio when the fuel flow changed in the range 50-85 L N /h (series B in Table 3 ). 12 Qualitatively, the results were similar to those obtained when the solids circulation rate was varied. It 13 was observed that for  ≈ 3 the combustion efficiency was very close to the maximum allowed by the 14 thermodynamic limit. Decreasing the oxygen carrier to fuel ratio decreases the combustion efficiency, 15 being this effect more noticeable at lower  ratios. and on the fuel concentration. By the one hand, the increase of the combustion efficiency when the  5 value increases was higher when the fuel flow was changing (series B). Indeed, for  > 1.5 the effect of 6  on the combustion efficiency was only noticeable when the methane flow was changed. This result 7 agrees with results showed in a previous work 11 where it was showed that the average reactivity of 8 particles in the reactor scarcely changed when the variation of the solid conversion in the reactor, X S , 9 was lower than 0.5-0.6, corresponding to >1.5-2. This fact suggests that for  values higher than 1.5-2 10 an increase in the solids inventory in the FR should have a higher influence on the combustion 11 efficiency than an increase in the solids circulation rate. Moreover, the combustion efficiency probably 12 should be some higher if FR temperature was above 1153 K. For comparison purposes, Figure 6 MgAl:FG 23 ( ) in a 300 W th CLC facility, using Ni40-NiAl:FG 20 ( ) and Ni60-NiAl:SP 21 ( ) in a 10 6 kW th prototype, and using Ni60-B:MM 27 ( ) in a 1.5 kW th prototype. 7 8 Effect of CLC operation on oxygen carrier particles. As above mentioned, oxygen carrier particles 9 have been fluidized in hot conditions for approximately 100 h, of which 70 h were with methane 10 combustion. These particles were not replaced during the combustion tests, and new material was not 11 added at any time. Agglomeration or defluidization was never detected using this oxygen carrier during 12 CLC operation. A total mass loss in the system of 19 g -1.6 wt%-was observed after experimental 13 tests, which 0.6 wt% was elutriated during the first moments at hot conditions because of its small 14 initial size. Rest of mass loss (1 wt%) was related to attrition of particles, corresponding to a value of 15 0.01 wt%/h. Figure 7 shows the particle size distribution for fresh and used particles. Lost of finest 16 particles scarcely had any effect on the particle size distribution. Physical and chemical properties of theoxygen carrier particles after the CLC operation were compared to those of fresh particles. No major 1 changes in the porosity, density, BET surface area or mechanical strength were observed in the particles 2 after they were used in the CLC system (see Table 2 ). SEM-EDX pictures of fresh and used particles 3 can be seen in Figure 8 . No major differences could be observed in the surface texture and the solid 4 structure, and avoidance of cracks was verified. Ni distributed throughout the inner the particle was 5 found in all the samples, fresh and used, by EDX analysis in the cross section of particles. However, it 6 was found little clusters of NiO -up 10 m of size-where Ni was more concentrated that in 7 surroundings, see brightness areas in SEM pictures. The size of this NiO grains remained constant after 8 operation in the CLC prototype, that is, there was not evidence of redistribution or migration of Ni sites 9 during the redox cycles. Moreover, not signs of agglomeration were observed in SEM pictures for used 10 particles, agreeing to the avoidance of agglomeration or defluidization in the CLC prototype. These 11 results suggest that this oxygen carrier could have a high durability, being a suitable oxygen carrier for a 12 CLC system. was obtained through TPR analysis using H 2 as reducing agent. As an example, Figure 9 shows the 5 results of the H 2 -TPR analysis performed over different solid samples corresponding to different  6 values. In line with data reported by Villa et al. 31 the TPR spectra showed a profile with two separate 7 peaks: a H 2 consumption peak centered in the low temperature range 650-900 K and a high temperature 8 peak with maximum near 1150-1200 K. The low temperature peak is well known to correspond to the 9 reduction of Ni 2+ in the free NiO phase, whereas the high temperature peak is attributed to the reduction 10 of Ni 2+ in the NiAl 2 O 4 spinel phase. The complexity of the low temperature peaks likely is ascribed to 11 the presence of different sizes for NiO crystallites, which affects to the nucleation rate. 56 In this sense, 12 TPR profiles are consistent with XRD data which indicate the presence of both free NiO and NiAl 2 O 4 13 phases. Figure 10 shows the relative fraction of total Ni presents as free NiO phase for fresh particles and 6 used particles in the CLC tests at 1153 K as a function of  ratio. All used particles samples, which were 7 extracted after the cyclone separation at the AR exit, were found fully oxidized, agreeing to results 8 obtained from XRD analysis. For fresh particles, the relative amount of Ni presents as free NiO was 9 w NiO = 65%. For used particles, on increasing the  value, a decrease of the relative abundance of free 10
NiO phase was observed, and therefore the amount of NiAl 2 O 4 increased. Likely, the lower extent of 11 reduction reached in the FR with an increase of the  value affects on the phase composition of the 12 oxygen carrier particles. In this sense, Figure 10 also shows the solid conversion reached in the FR for 13 the different experimental tests calculated using eq 10, which corresponded to metallic Ni formed in the 1 FR. Although the conversion curve follows the same tendency than the relative abundance of free NiO, 2 the conversion values are higher than the NiO fraction as free NiO phase. Likely, this fact is because a 3 fraction of the reduced Ni is converted into NiAl 2 O 4 during the solids oxidation in the AR which had a 4 residence time in the range 3-10 min. From these results it was estimated that about a 75% of reduced 5
Ni is oxidized into free NiO, whereas the rest is transformed into NiAl 2 O 4 phase. This fact was 6 confirmed by new TGA experiments carried out with reduced particles extracted from the FR. These 7 particles were oxidized in air at 1223 K. Full oxidation was achieved in less than 10 seconds, but In view of the fact that particles can improve their reactivity when the reduction degree increases, afully reduced using H 2 as fuel gas in the FR and nitrogen as fluidizing agent in the AR, and later 1 particles were fully oxidized replacing nitrogen by air in the AR. After this activation step, CLC was 2 running normally using 30 vol% CH 4 in the FR (1153 K), air in the AR (1223 K), and  = 2.7. Initially, 3 particles showed high reactivity and the free NiO phase fraction was 47 wt%, but particles lost 4 reactivity with time. After three hours of operation, the free NiO phase fraction was 29 wt%, a similar 5 value that this showed in Figure 10 for  = 2.7. As previously mentioned, about 75% of the Ni reduced 6 in the FR was oxidized into free NiO. Both, the rest of metallic Ni and the not reduced NiO in the FR 7 had enough time at high temperature in the CLC system to promote the NiAl 2 O 4 phase. Consequently, 8 the NiO-NiAl 2 O 4 ratio in the oxygen carrier stabilized in a fixed value depending on the solid 9 conversion in the FR, which was related to the  value. 10
Finally, CLC test series gave the same results for NiO-NiAl 2 O 4 ratio in the particles either increasing 11 or decreasing the value for  indicating the reversibility of Ni between NiO and NiAl 2 O 4 phases. From 12 the results showed in this work we concluded that a fraction of NiAl 2 O 4 present in the oxygen carrier, 13 which depends on the  value, is active for oxygen transference in the FR. Therefore, NiAl 2 O 4 can not 14 be considered as an inert material in this kind of oxygen carrier, as previously was found. 34 
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Considerations about design criteria. The use of a specific oxygen carrrier has important 16 implications for a CLC system. The reduction and oxidation reactivity of solids determines the solids 17 inventory in the fuel and air reactors, respectively, to reach the full conversion of fuel gas. combustion in a continuously operated CLC system, see Table 4 .
19-27
From the results showed in these 22 works, and for comparison purposes, the combustion efficiency was estimated as a function of the  23 ratio -see Figure 6 for Ni-based oxygen carriers-and the solids inventory in the FR. In general, highoxygen carrier Ni60-B:MM because of its lower reactivity. 27 During tests in the 500 W th unit showed in 1 this work, the circulation rates were in the range =1-3, lower than those used in the 10 kW th prototype 2 (=5) 20, 21 or in the 300 W th facility (=10-50) 23, 24 at CUT. In spite of this difference, Figure 6 shows 3 that the combustion efficiency obtained in the 500 W th unit was in line with the obtained in the other 4 facilities using different NiO-based oxygen carriers. The solids inventory to get a combustion efficiency 5 of 99% for different oxygen carriers is showed in Table 4 . It should be pointed out that the numbers for 6 the solids inventories are not directly comparable among them, since differences in the fluidization 7
conditions at different CLC prototypes may have important effects on the mass transfer resistance 8 between gas and solids. Nevertheless, the numbers give a first impression of the solids inventories that 9 could be needed. A solids inventory about 600 kg/MW th was needed for Ni18-Al:HI oxygen carrier, 10 whereas using Ni-based particles prepared by freeze-granulation or spin-flash method the solids 11 inventory was in the range 335-630 kg/MW th . For Ni60-B:MM it would be necessary a solids inventory 12 higher than 760 kg/MW th to get combustion efficiencies close to equilibrium conditions. Nevertheless, it 13 is remarkable the differences in the amount of Ni metal from these oxygen carrier, * Ni,FR m , which is the 14 most expensive material to prepare the oxygen carrier. Based on the amount of Ni in solid particles per 15 MW th , the Ni inventory for Ni18-Al:HI was the lower among them, see Table 4 . However, it is likely 16 that high efficiencies can be achieved with lower amounts of solids for Ni40-NiAl:FG and Ni60-17 NiAl:SP particles, because the FR was oversized in the 10 kW th prototype at CUT. 18
Also for methane combustion, oxygen carrier particles based on Cu, Mn and Fe oxides have been 19 successfully used in different CLC prototypes. Not was obtained  c as high as 99% 6
The amount of the oxygen carrier in the AR of the 500 W th CLC facility was about 0.5 kg for all 7 experimental tests, where the fuel flow varied in the range 85-50 L N /h. Referred to 1 MW th , the solids 8 inventory in the AR was 590-1000 kg/MW th , but likely a smaller amount of solids would be necessary 9 because the oxygen carrier was fully oxidized for all experimental tests in the AR, indicating that the 10 AR was oversized. 11
Additionally, the solid circulation in a CLC plant must be fixed to fulfil the mass and energy balances 12 in the system. The solid circulation is limited by the transport capacity of the riser. The limit of the 13 circulation rate in a CLC plant is not clear, but a value of 16 kg s 
